Abstract A systemic approach was used to identify the possible mechanisms underlying the development of 5-fluorouracil (5FU)-induced resistance on HCT116 colon cancer cells. From microarray analysis, HCT116 high-dose 5FU-resistant subclones showed differential gene expression compared to HCT116-sensitive clones. According to gene ontology, and Kyoto Encyclopedia of Genes and Genomes pathways, the up-regulated genes were related to cell death and lupus erythematosus, respectively. On the other hand, the down-regulated genes were related to cell division or DNA replication. Connectivity map (cMAP) analysis revealed that the molecular drugs, such as antiasthmatic or antiallergy agents that have negative correlations with cMAP score, may have beneficial effect for the resistant subclones. Our findings suggested that the feasibility of cMAP combining microarray gene expression profile may help identify a potential drug that possibly will reverse the effect of 5FU-induced resistance.
Introduction
Colon cancer is the third most frequently diagnosed cancer 1 and also the third leading cause of cancer deaths in Taiwan. 2 Commonly, 5-fluorouracil (5FU) is the first choice in the treatment of colon cancer 3 ; however, long-term exposure of 5FU to cancer cells may result in chemoresistant phenotype. 4 The reasons why cancer treatment becomes ineffective over periods of time is unknown; however, it has been found that cancer cells become resistant through the mechanisms of alteration of drug's specific target, drug inactivation, influx and efflux of drugs in the cells, drug-induced damage, and evasion of apoptosis. 5 
Figure 1
Effect of 5FU on the viability of HCT116-sensitive and HCT116-resistant cells. (A) Morphology of HCT116-, SW480-, and SW620-sensitive cells under microscope after 5 days. HCT116 cells were naturally sensitive to 5FU, and thus were chosen and trained to become 5FU resistant. SW-sensitive cells were naturally resistant to 5FU and thus were not chosen for this study. (B) Proliferative activity of the cells was treated with 0, 2, 5, 30, 60, 90, and 120 mM of 5FU assessed by MTT assay. The inhibitory effect of 5FU was dose -dependent. 5FU Z 5-fluorouracil.
Microarray technology and the associated databases provide a high throughput method for identifying differentially expressed gene profiles. In this study, two kinds of databases, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG), were used for biological processes and pathways analysis, respectively. Connectivity map (cMAP) was used as a useful tool for the identification of any drugs that may have beneficial effects on the resistant subclones.
In the present report, we have successfully cultured HCT116 resistant subclones and, when performing cell viability assay (MTT), we proved that Hi-5FU1 and Hi-5FU2 were resistant toward high concentrations of 5FU. Using microarray technology, the differential gene expression reveals possible mechanisms that are related to chemoresistance, and, hopefully, the potential drugs identified from cMAP can reverse the resistance of HCT116 subclones and become the candidate drug for combined therapy in cancer retreatment.
Materials and methods

Cell lines and culture
The colon cancer cell lines HCT116 were maintained in McCoy's 5A medium supplemented with 10% fetal bovine serum (FBS). Cells were cultured at 37 C in a humidified atmosphere of 5% CO 2 :95% air. Three subclones of HCT116 (Lw-5FU1, Lw-5FU2, and Lw-5FU3), which are resistant to 2 mM of 5FU, and two subclones of HCT116 (Hi-5FU1, Hi-5FU2, and Hi-5FU3), which are resistant to 50 mM of 5FU, were used in this study. The resistant subclones were generated by adding 2 and 50 mM of 5FU continuously over a period of time.
MTT assay
The protocol was described by Kang et al. 6 In brief, cells were plated at 3 Â 10 3 /200 mL in 96-well plates in McCoy's 5A with 10% FBS and allowed to attach overnight. Then the medium was replaced with varying concentrations (0, 2, 10, 30, 60, 90, 120, and 300 mM) of 5FU. After 5 days of exposure, the number of viable cells in each well was estimated Figure 2 Correlation coefficient analysis between gene expression profiles. Nine samples from the three treatment groups showed good reproducibility within each treatment group.
by adding 10 mL of MTT solution and incubated for 5 hours at 37 C. All assays were performed in triplicates.
Processing of microarray chips
Total RNA was extracted using Illustra TriplePrep kit (GE Healthcare, Buckinghamshire, UK) from cells treated with or without 5FU, according to the manufacturer's protocol. Concentration and purity of RNA were determined using Nanodrop 2000 (Thermo Scientific, Wilmington, DE, USA). The gene expression data were generated using Affymetrix Human Genome U133 Plus 2.0 arrays (Affymetrix, Santa Clara, CA, USA). The cRNA synthesis and labeling were carried out according to Affymetrix GeneChip protocol (Affymetrix), and arrays were scanned with Affymetrix GeneChip 3000 7G (Affymetrix).
Quality assessment of the microarray data and identification of differentially expressed genes
The log 2 -transformed expression intensities with robust multichip average (RMA) normalization from nine microarrays were used to calculate the correlation coefficient in each cluster set, and a heatmap was constructed. The genes differentially expressed in this study were selected using R language bioconductor. The t test p value and fold change comparing the treatment and control group were calculated. A p value of greater than 0.01 and a fold change of greater than 3 were removed, and the remaining was considered as differentially expressed.
Identification of biological processes and pathways enriched with differentially expressed genes
The list of differentially expressed genes was imported to GO (http://www.geneontology.org/) and KEGG (http:// www.genome.jp/kegg/) databases. The biological processes and pathways enriched with the differentially expressed genes were according to p values.
cMAP analysis
Hi-5FU2 was analyzed using cMAP in an attempt to link genes associated with therapeutic agents. The imported query was compared with predefined signatures of therapeutic compounds and ranked according to the connectivity score (þ1 to e1). 
Results
Effect of 5FU on proliferative activity of HCT116-sensitive and HCT116-resistant cells HCT116 cells were selected for resistance training because it is more sensitive to 5FU than other colon cancer types such as SW480 and SW620 (Fig. 1A) . To prove that HCT116-resistant subclones were obtained successfully, treatments of HCT116-sensitive and HCT116-resistant cells were tested using MTT assay (Fig. 1B) . At 2 mM of 5FU, the cell viability of HCT116-sensitive and Lw-5FU had decreased to 20% and 15%, respectively. With the increase in concentrations of 5FU, the inhibition of cell growth reached 100%. The inhibitory effect of 5FU on Hi-5FU subclones was dose dependent. At a dose of 300 mM 5FU, Hi-5FU1 and Hi-5FU2 still maintained its resistance and reached an inhibition level of 60e70%. Both Hi-5FU1 and Hi-5FU2 subclones possess high resistance with a half maximal inhibitory concentration (IC 50 ) of 60 and 180 mM (Table 1) , respectively.
Quality assessment of microarray data
Hierarchical clustering analysis was used to assess the quality of the microarray data. There is a high correlation between the gene expression profiles in each group (Fig. 2) , based on Pearson correlation. This satisfactory result warrants further analysis. The heatmap was divided into three groups: upregulated, down-regulated, and intermediate downregulated, according to color indication in high-dose 5FU cluster (Fig. 3) . The three groups clustered tightly together and showed dramatically differential expression compared to control groups.
Biological process analysis in GO
To analyze the biological relevance of each cluster, the differentially expressed genes were grouped into GO (Table 2 ). In the up-regulated cluster, most of the genes are related to cell death at p < 0.05. Ten enriched biological processes were found in down-regulated cluster. Most of the processes are related to cell division or mitosis cell cycle.
Pathway analysis in KEGG database
There were 12 differentially expressed genes in the upregulated cluster, which were involved with systemic lupus erythematosus and P53 signaling pathway. The pathways related to cell cycle or DNA replication were downregulated in high-dose 5FU subclones. Comparing all the KEGG pathways in all three of the clusters listed in Table 2 , most of the pathways were related to P53 signaling pathway, cell deaths, and cell cycle.
Gene expression profile and cMAP analysis
cMAP is an approach that compares the lists of gene expression profiles to the library of experiments assessing the effect of small molecules and genetic events on gene expression. 8 According to the query results, 20 negatively correlated drugs were identified (Table 3) . We suspected that the drugs may have the potential to reverse the resistant subclones into its naive state. However, whether these agents may have beneficial effects on resistant subclones is still under investigation.
Discussion
Chemoresistance has posed several problems for patients who rely on chemotherapeutic drugs for cancer treatment. Based on microarray technologies, we integrated the differential gene expression data with computational approaches to identify pathways and rational drugs that may reverse the effect of chemoresistance. All the Table 3 Results of cMAP query of the top 20 negatively correlated drugs based on cMAP score.
Rank
cMAP name Dose Cell Score Therapeutic uses subclones were first tested for their resistance. The Hi-5FU1 and Hi-5FU2 clearly showed that they have high resistance toward 5FU. Nine samples of array data were analyzed for quality assessment. The correlation within each data set has high correlations, indicating that there is a high reproducibility in the microarray experiment. The clusters showed different expression profiles when comparing high-and lowresistant subclones with control. In GO, most of the downregulated genes in high-resistant clones were related to organelle fission and cell division. This finding supports our observation of slow growth of Hi-5FU1 and Hi-5FU2 in the laboratory.
Most of the up-regulated genes in our high-resistant sub-clones were related to death, and we suspect that it is related to autophagy since a study has demonstrated that the resistance of cells is associated with the switch from apoptosis to autophagy cell death. 9 The pathways related to down-regulated genes were mainly cell cycle or DNA replication, which correlates with the finding on GO. Whether the pathways in the up-regulated gene cluster were involved with lupus erythematosus is now under investigation in our laboratory. The molecular effect of potential drugs from cMAP query is important for cancer therapies. However, whether these drugs can potentiate the cancer cell resistance still awaits further studies.
